During the course of a study on the toxicity of Bacterium tularense (Pasteurella tularensis), it was observed that inoculation of filtrates into white mice conferred a certain degree of protection against subsequent challenge. A review of the literature failed to disclose any reports concerning the immunogenicity of cell-free filtrates. Many types of vaccines have been prepared from Bact. tularense employing whole washed killed cells, extracts of cells, sonically disrupted cells and cells grown in embryonated eggs. 1 -7 Only one reference' was found to a phenolized broth filtrate which was said to confer no protection against challenge with a highly virulent strain. Since all vaccines reported were prepared from cells, it was felt that the immunogenicity of the fluid medium should be studied. An investigation was therefore undertaken for evidence of a protective antigen elaborated during growth of the organism.
In order to demonstrate any protection against tularemia in the highly susceptible mouse, strains of low virulence must be employed for challenge." The only successful attempt to protect mice against severe challenge with virulent strains has been by sublethal inoculation with viable cells." By using lowchallenge doses of a moderately virulent strain in this work, it was found that sterile broth filtrates contain a substance which confers a slightly higher degree of protection than the currently used vaccine prepared from the bacterial cell. The term "protective antigen" is used in this paper to designate one or more such substances responsible for protection and/or stimulation of antibodies.
The purpose of this paper is to (a) present evidence of protection from sterile filtrates against experimental tularemia in the mouse, (b) compare the efficacy of filtrates prepared from strains of varying grades of virulence, (c) compare the immunogenicity of filtrates with that of a Bact. tularense vaccine, and (d) show enhanced antigenicity of the filtrate by the addition of Hemophilus pertussis vaccine.
MATERIALS AND METHODS
The mice employed in this study, the route of inoculation, the vaccines and amounts of inoculums used, were the same as reported in the previous communication." All mice were challenged 8 days after treatment with the Jap strain and observed for a period of 14 days. The medium and the method" used for the preparation of filtrates were as follows: Difco peptone 10%, Difco yeast extract 10%, glucose 25%, NaCI 10%, cysteine hydrochloride 1%, Baxter triple distilled water q.s. 1000 ml. The medium was adjusted to pH 6.5 to 7.0 with 10 N NaOH and placed in sacks prepared from cellulose dialyzer tubing. The sacks of medium (30 ml) were placed in Blake bottles containing triple distilled water (300 ml) in a quantity 10 times that of the medium within the sacks. The bottles prepared in this manner were autoclaved at 121 C for 15 minutes.
The distilled wa ter, ou tside the sack of medium, was inoculated with a saline suspension of Bact. tularense harvested from two 24-hour slants of glucose-cysteine blood agar. Eight different strains of Bact. tularense were used, as indicated in the tables. The inoculated bottles were incubated on a shaker at 37 C for 3 to 4 days until heavy growth appeared. A minimum of 3 Blake bottles was used for each preparation. The contents were pooled and a 100-200 ml sample was centrifuged for 45 minutes at approximately 10,000 rpm. The supernatant fluids were filtered through several Seitz filters. The filtrates were checked for sterility by plating 0.5 ml samples on several glucose-cysteine blood agar plates. When filtrates were prepared from the more virulent strains, mouse inoculation proved them to be sterile. The filtrates were stored at 4 C un til used. In some experiments, concentrated filtrates (4X) were prepared by drying the filtrate to one-fourth its original volume in dialyzing sacks at room temperature. In other experiments, the filtrates were treated with 0.2 N NaOH and precipitated by the addition of 1% CUS04. The precipitate was filtered through paper, washed in 1 N NaCI and dissolved in a minimal amount of 0.1 N RCI. This "protein-precipitated filtrate" (PPF) was dialyzed against citric acid to remove the copper and then against running tap water for 24 hours.
Extracts of filtrates were prepared by the addition of an equal portion of diethyl ether. The ether was added to the filtrate in a separatory funnel in small amounts and shaken occasionally for several hours. The aqueous phase of 3 extractions was pooled and precipitated with CUS04 as described above. The ether phase was also collected and pooled. The ether evaporated during concentration to one-fourth the original volume. Ether extractions of whole broth cultures were made in a similar manner.
One intraperitoneal inoculation of 0.5 ml of the preparation to be tested was used, regardless of the method by which it was procured. Rather than subject one filtrate to many trials, many filtrates were prepared and tested in one or more assays. In this way, the reliability of obtaining the protective antigen was determined. In all, 41 filtrates from 8 different strains were tested and no instance of failure was noted.
RESULTS
Protection by fiUrates.-Nineteen filtrates were prepared from 8 strains of Bact. tularense. Of this total, 7 were tested as plain filtrates, 10 were concentrated 4 times by drying (4X) and 2 were concentrated by precipitation (PPF). The filtrates were inoculated into groups of 6 to 10 mice per group and 8 days later the mice were challenged with various doses of the Jap strain. A summary of 29 tests on the 19 preparations is presented in table 1. The total number of experiments indicates that each preparation was tested once or more. For example, of the 10 preparations of 4 X filtrates, one was tested against a challenge of 10 9 cells, another against 10 7 cells and 8 others subjected to a total of 13 tests against a challenge of 10 8 cells. The results of the protection from the 3 types of filtrate at each challenge dose, regardless of original strain, are summarized. It will be seen that no filtrate protected against 10 9 cells. Better protection was obtained with the 4 X filtrates than with the plain or PPF preparations. The total percent mortality (37%) of the pretreated groups differed significantly from that of the control groups (97%). Table 2 also shows the protection conferred by filtrates as indicated by the contrast in LD so titers of the treated and untreated groups. These figures were not included in table 1. For this experiment, 4 separate filtrates were prepared virulence of the strain and efficacy of the filtrate. The poorest protection, however, was shown by the avirulent 38 strain. The total mortality rates with treated groups against 10 8 and 10 7 challenge doses (32% and 15%) differ significantly from those in the control groups (94% and 91%).
Comparison of the efficacies of Bact. tularensse vaccine and filtrates .-Two groups of mice were inoculated with 0.1 ml vaccine and 0.5 ml 4 X Schad filtrate, respectively, and challenged 8 days t Some control mice used for more than one strain tested.
No repeats are included in total. genicity of the latter, an investigation was made to determine if the antigenicity of the filtrate might be enhanced in a similar manner. Two groups of mice were inoculated with 0.5 ml filtrate and a combination of 0.5 ml filtrate with 0.1 ml H. pertussis vaccine, respectively.
Eight days later the mice were challenged with a dose sufficiently severe to mask the protection afforded by the filtrate alone in order to detect an additive effect of the two agents together. The results are presented in table' 5. The mortality rate in the group receiving filtrate alone was 82% against the severe challenge dose which killed 100% of the controls. However, the combination of heterologous vaccine and filtrate was quite effective as shown by a mortality rate of only 34%. The average day of death was not delayed in the group treated with the combined agents.
Effect of combined tularemia vaccine and filtrate.-In order to conclude that the cell-free filtrates contain the important protective antigen not found in killed, washed cell preparations; a combination of the two agents was used. If the efficacy of the filtrate was improved by the addition of killed cells, it would suggest that both cellular and extracellular antigens are indicated as a prophylactic agent. Consequently, 2 groups of mice were inoculated with 0.5 ml 4 X filtrate and a combination of this inoculum with 0.1 ml tularernia vaccine, respectively. Results of the protection obtained against subsequent challenge are presented in table 6. In each of 3 separate experiments employing 25 to 36 mice per group, no significant increase in protection was detected by the addition of vaccine to filtrate. A total of the 3 Ether extraction of filtrates or whole broth cultures.-In reviewing the results obtained by others on the preparation of vaccines against tularemia, it was noted that the best protection was conferred by ether extracts of cells." I n the work cited, the aqueous phase of the extracted cells was employed. Various ether extractions were carried out in this laboratory on filtrates or on whole broth cultures. Both the aqueous (ether-insoluble) phase and the ether phase were tested. The results of these studies are summarized in table 7. It may be seen that ether extractions of the whole broth cultures or their filtrates did not improve the degree of protection against infection over that of untreated filtrates concentrated 4 times. No significant difference was apparent between the ether and aqueous phases. None of the preparations was able to protect against a challenge of 10 9 cells.
DISCUSSION
When working with "cell-free filtrates," it is always questionable that the filtrates are actually "cell-free." This doubt is greatly intensified when dealing with filtrates of Bact. tularense because the organism is smaller than the majority of bacteria and "filterable, reproducing units" have been reported.P Since it is difficult to culture Bact. tularense when light inoculums are used, absence of growth on plates cannot be taken as final proof of sterility. Animal inoculation can be resorted to only when more virulent strains lethal to mice in small numbers of organisms are used. The number of organisms required to effect immunity has been determined to be as few as 20 living cells." It must be realized then, that there is no absolute proof of "sterility" and the possibility exists that a few cells which might have escaped detection contributed to the immunogenicity of the filtrates. However, the manipulations of ether extrac- tion, copper sulfate precipitation, low pH or drying at room temperature make it extremely improbable that this fastidious organism might have survived. Also, had living cells been incorporated into the filtrate inoculums, better survival rates would be expected, especially with filtrates prepared from the immunogenic Jap strain." In view of the recent report of nonspecific increase in resistance to certain infectious agents some question may be raised as to the specificity of the protective antigen reported in this work. Preliminary results in this laboratory have shown a good agglutinin and precipitin response following inoculation with the filtrates. It appears, therefore, that the factor is a specific protective antigen.
The fact that crude filtrates of Bact. tularense contain some immunizing substance elaborated during the growth of the organism recalls the work of Gladstone" with Bacillus anthracis. He demonstrated that a protective antigen was elaborated during in vitro growth under carefully selected conditions. This protective antigen had been previously detected only in the intact animal. Wright, et al,14 succeeded in elaborating the protective antigen in a chemically defined medium. The labile filtrate factor produced effective immunity in rabbits, guinea pigs and mice and was felt to play a very important role in acquired resistance to infection. It appeared that the bacterial cell played no appreciable role in the production of acquired resistance to anthrax.
In tularemia, as in anthrax, it appears that the bacterial cells stimulate the formation of agglutinating, precipitating and complement-fixing antibodies which have not been well correlated with resistance to infection. In previous works it has been shown that the immunity conferred by passive transfer can be expressed only as a partial protection against strains of relatively low virulence. Recovery from infection induces a strong refractory state. This again simulates the type of immunity seen in anthrax, where host response by the formation of a protective antigen is essential to acquired resistance." Since there are such striking similarities between the mechanisms of immunity in the two diseases it is felt that further studies on the elaboration of a protective antigen during in vitro growth of the organism may lead to a better insight into protection against tularemia. sensitive than intraperitoneal challenge. In the work reported from this laboratory, intraperitoneal challenge of mice previously inoculated with filtrates showed good evidence of protection against low challenge doses. Ether extraction of whole broth cultures did not increase appreciably the protection derived from filtrates concentrated four times by drying. No doubt some of the antigen elaborated during growth of the organism into the surrounding medium can be extracted by ether from cells before its release. However, from results obtained in this laboratory it appears that Bact. tularense elaborates a protective substance during growth which is as immunogenic as intact killed cells or extracts thereof. Had subcutaneous challenge, on purified preparations, been employed in this work, the potency of the protective antigen might have compared more favorably with results obtained in the work cited above.
Although the optimal conditions for elaboration of the protective antigen and its purification were not determined, certain facts were revealed, nevertheless, from experiments on the crude filtrates. The immunogenicity of the filtrates was apparent from the decreased mortality rates after challenge with a strain of low virulence as compared with untreated controls. There appeared to be no strain difference in ability to produce a more protective antigen. The immunogenicity of the filtrates was not enhanced by simultaneous vaccination with Bact. tularense but was increased by the addition of Hemophilus pertussis cells. Concentration of the filtrate by drying improved the immunogenicity more than by protein precipitation with CUS04. Ether extraction of whole broth cultures or their filtrates did not improve the results obtained with untreated filtrates. These facts suggest that an extracellular substance elaborated during in vitro growth is one of the important antigens necessary to induce a refactory state to experimental tularemia.
It is felt that a study of the protective antigen, its nature and requirements for optimal elaboration, would illuminate the mechanism of immunity in tularemia.
SUMMARY
Experimental evidence accumulated from studies made on crude filtrates of Bacterium tularense broth cultures showed that a protective substance is elaborated into the medium during growth. The immunogenicity of the factor was determined by increased resistance to 'experimental tularemia in mice with a strain of moderately low virulence. There appeared to be no strain differences in ability to produce the substance. The immunogenicity of the filtrates was as good as the current Bact. tularense vaccine and was improved by the simultaneous administration of Hemophilus pertussis cells. The importance of this previously undetected factor has been discussed.
